We demonstrate a compact and low-loss liquid crystal loaded Si wired Mach-Zehnder (MZ) optical switch in the in-plane switching mode. The device is configured with a simple structured MZ interferometer in which one side of phase-shifter-electrodes is placed on the MZ-island-like area. A device with a 100-µm-long phase shifter has small footprint of within 300 × 80 µm 2 and exhibits quite low device losses and relatively smooth spectra with a voltage-length product of ~0.4 V·mm. The thermal characteristics of the device are also evaluated and the device is found to be operable until at least 60°C. Keywords: silicon photonics, liquid crystal, optical switch Classification: Integrated optoelectronics [9] R. Hoshi, K. Nakatsuhara, and T. Nakagami: "Optical switching characteristics in Si-waveguide asymmetric Mach-Zehnder interferometer having ferro-electric liquid crystal cladding," Electron. Lett. 42 ( 
Introduction
Extensive research on Si photonic integrated circuits (Si PICs) has been carried out over the past couple of decades towards the development of future telecommunication networks and interconnections in large-scale datacenters owing to their low cost, high capacity, and compatibility with mature silicon CMOS fabrication technologies. In Si PICs, phase control is a key function for the realization of various important devices such as optical switches, modulators, variable wavelength filters, and coherent receivers [1, 2, 3, 4, 5] . It would also be a practical solution for compensating the parasitic phase-shifts stemming from structural size errors in fabricated Si photonic devices [6, 7] .
The integration of heaters on Si waveguides is one of the major phase control techniques owing to the relatively large thermo-optic (TO) effect of silicon [2, 5] . However, this technique tends to induce large power consumption and thermal crosstalk. The carrier plasma effect of doped silicon is also broadly used for high-speed modulators but generally results in either large power consumption or large device length [3, 8] . Both techniques exploit changes in the refractive indices of Si materials.
As an alternative phase control technique, the integration of heterogeneous materials with large phase shift ability onto silicon waveguides has also been researched. Liquid crystal (LC) is a promising integration material which exhibits wide-range and low-power-consumption phase shift while allowing for small device size [9, 10, 11, 12, 13, 14, 15, 16, 17] . This is because LC molecules generally have a large birefringence of more than 0.1, and their direction can be controlled with external electric fields. The mature LC driving technologies developed for LC displays (LCDs) [18] and LC-on-silicon (LCOS) systems seem to be appropriate for heterogeneous integration also. Thus, LC technology can be applied to silicon photonics.
Several LC loaded Si photonic devices have already been reported, such as a Si-ridge-waveguide-base Mach-Zehnder (MZ) optical switch and add-drop multiplexer incorporating a ferroelectric LC [9, 10] and a Si-slot-waveguide-base phase shifter which achieved effective concentration of both the optical and electric fields within the waveguide slit filled with LC [11, 12, 15] .
LC devices based on Si-wire-waveguide phase shifters have also been developed [13, 14] . Si wire waveguides can allow such devices to be miniaturized owing to the strong optical confinement in the Si core. The evanescent field in the LC cladding can also be increased to some extent by partially narrowing down the waveguide at the phase shifter. Our group also recently experimentally demonstrated a Si-wire-waveguide-based MZ optical switch incorporating an in-plane switching (IPS) mode phase shifter [17] . In IPS mode, the LC cladding that surrounds the Si waveguide is sandwiched between two in-plane electrodes, and by applying an electric field, the LC molecules initially aligned along the waveguides change their direction to in-plane. Thus, in this mode, a large phase shift can be expected in the transverse electric (TE)-like polarization mode mainly used in Si photonics [11, 12, 14, 15] . However, while this previous device shows favorable switching operation, it is subject to a relatively large device footprint and increased device loss because the introduced loop-back-waveguide-base phase shifter means that both electrodes are located outside the island-like area in the MZ interferometer (MZI).
In this paper, we demonstrate a Si-wire-waveguide-based LC loaded MZ optical switch in which one side of the electrodes is located in the island-like area and the other side is located outside of the MZI as shown in Fig. 1 . This device can be configured with a simple waveguide-structured MZI, and thus results in greater compactness and low device loss compared with those of the previously reported device [17] . To connect metal wires to the electrodes on the MZ island area without optical loss in the waveguides, a separation layer made of SiO 2 over-cladding was introduced between the Si wire waveguides and electric wires except in the phase shifter area, which was filled with LC material. Such a structure with SiO 2 over-cladding was also expected to result in stable device characteristics such as switching wavelength compared with those of devices that contain circuits completely covered with fluidic and birefringent LC material.
The fabricated optical switch with 100-µm-long phase shifter had a small footprint, within 300 × 80 µm 2 , and showed quite low device losses and relatively smooth spectra with a voltage-length product of ~0.4 V·mm. Moreover, the thermal characteristics of the device were also evaluated. Figure 1 shows top and cross-sectional view schematic diagrams of the designed LC loaded silicon optical switch. The device was based on a simple MZ interferometer with symmetric arm waveguides and two 3-dB DCs designed for a wavelength of 1550 nm. The height and width of the waveguides in the main circuit were 220 and 430 nm, respectively. The inner gap and length of the 3-dB DCs were 300 nm and 20 µm, respectively. For the phase shifters, the waveguide was narrowed to 300 nm using a reverse taper to increase the optical evanescent field in the LC cladding. We used a LC (JNC LIXON-JC5143XX) with a birefringence of n o ≈ 1.47 and n e ≈ 1.57 at wavelength of 1550 nm. With this designed structure, the optical confinement factor in the Si core for each index was calculated to be almost the same, 48 and 47%, respectively.
The device was almost covered with SiO 2 over-cladding except for the 100-µm-long phase shifter part of the MZ switches, which was embedded with LC. The electric wires were formed on the SiO 2 over-cladding using grade-separated crossings to avoid light attenuation in the waveguides. Therefore, the electric wires could be drawn from the outside of the device into the island area of each MZ switch. In the phase shifter area, the electric wires were sloped down to the Si optical circuit layer along the SiO 2 cladding slopes to allow application of a horizontal electric field to the phase shifter, as shown in the cross-sectional schematic in Fig. 1 . Additionally, a polyimide alignment layer was formed on the quartz chip to set the initial direction of the LC molecules to the light propagation direction. The existence of this alignment film on the device chip prevented the use of present electric-contact techniques such as probe placing, wire bonding, or flip-chip metal-bump bonding in the island-like area of the MZ interferometer.
Although coexistence of such a grade-separated crossing and the electrodes on Si optical circuit layer can be achieved using double-layered metallization process as is usual in silicon photonics foundry, in this paper, we designed and experimentally fabricated the device using a single-layered metal wire with slope Calculated spectra for bar-and cross-ports of the designed MZ optical switch.
owing to its simple fabrication process. Figure 2 shows the spectra of the designed device calculated using a transfer function matrix. The calculation included the structural dispersion and material dispersions for Si and SiO 2 . When no phase shift was applied to the phase shifter, the light was output to the cross port (cross state) at a wavelength of approximately 1550 nm. When a phase shift of π was applied, the output port changed to a bar port (bar state). The bandwidth of the bar port was 41 nm, with a crosstalk of less than −15 dB.
The device was fabricated using the following procedure. First, Zeon ZEP-520A resist was spin-coated onto the cleaned silicon on insulator (SOI) substrate. Then, the circuit pattern was exposed with electron beam lithography (EBL) using a JEOL JBX-6000FS system operated at a 50 kV accelerating voltage and 100 pA beam current. Si waveguides were formed by inductively coupled plasma reactive-ion-etching (ICP-RIE) with mixed SF 6 and C 4 F 8 gas. The propagation loss of the Si wire waveguides fabricated using this process was measured to be at the 1 dB/cm level. After removing the resist, the SiO 2 over-cladding layer was deposited by plasma-enhanced chemical vapor deposition (PECVD). Part of the SiO 2 over-cladding was etched back using a wet etching process with buffered HF (BHF) to open a window for the phase shifter, and 300-nm-thick Au/Ti electrodes were formed on the device with a lift-off process. Finally, LC was dropped on the circuit and a polyimide rubbing film on a quartz substrate was placed on the device. Figure 3 shows images of the fabricated device. The integrated quartz chip was smaller than the SOI substrate to allow the There was an undercut in the Si waveguide owing to BHF over-etching. Such a waveguide structure sacrifices mechanical robustness but at the same time can increase the evanescent field in the LC.
Measurement results
For the evaluation of the fabricated optical switch, TE-polarized super-luminescent-diode (SLD) light was input into the Si optical switch through the edge coupler using an inverse-tapered spot-size converter (SSC) from a tip-lensed single-mode fiber (SMF). The transmitted light from the bar and cross ports was detected with a spectral analyzer. Thermoelectric cooling (TEC) was used to control the temperature of the device.
First, we measured the optical loss at the interfaces between the 430-nm-wide Si waveguide and the SiO 2 and LC over-claddings. The loss was estimated from the slope of the transmittances for the optical paths containing 2, 40, and 80 SiO 2 and LC over-cladding interfaces, and was negligibly small, 0.02 dB/interface at a wavelength of 1550 nm. From this result, we concluded that contrast between the refractive indices of the LC and SiO 2 was trivial and that the LC material had excellent wettability for the SiO 2 cladding and Si waveguide core. Figure 4 shows the spectra measured for the bar and cross ports of the LC hybrid Si MZ-switch with the 300-nm-wide and 100-µm-long phase shifter. The temperature was set to 20°C. Relatively smooth spectra were obtained. The output light was gradually switched from the cross port to bar port by increasing the applied voltage at 1585 nm. The output port was perfectly switched by applying a voltage of just below 4 V. Therefore, the voltage-length product of the device was calculated to be V π L ≈ 0.4 V·mm, which is smaller than that of our previous device, 1.86 V·mm [17] . This value could be further improved by reducing the waveguide width and electrode gap as well as by introducing an AC driving voltage during the Measured spectra for the LC loaded Si MZ-switch with phase shifter width and length of 300 nm and 100 µm, respectively, at applied voltages from 0 to 4 V. measurement to avoid ionic charge within the LC. The crosstalk was −17 dB in the cross state. The bandwidth at which the crosstalk was less than −15 dB was about 27 nm in the cross state. The transmittance in the y-axis was defined by the subtraction of the propagation loss in the same-path-long guided waveguide from the on-chip transmission power, and the peak transmittance resulted in a positive value. This would have arisen from optical coupling variations between SSCs and optical fibers in addition to measurement errors, and thus the device had quite a low loss.
We also investigated the temperature characteristics of the fabricated device. Generally, as the temperature increases toward the phase transition temperature of an LC material, the directional order parameter of the nematic LC decreases [19] , i.e., the variation in the refractive index under the applied electric field becomes small. Figure 5(a) shows the temperature dependence of the transmittance of the switch controlled using the thermoelectric cooler (TEC). The measured device was on a different sample chip from that in Fig. 4 but had the same phase shifter design. As the device temperature was increased, the amount of phase shift decreased at the same applied voltage. As a result, the voltage-length product obtained at the smallest driving voltage degraded from 0.35 to 0.45 V·mm with increasing temperature, as shown in Fig. 5(b) . The LC material had an isotropic phase transition temperature of T NI ≈ 75°C, and the device worked until at least 60°C. The difference between the V π L of the devices in Figs. 4 and 5 at 20°C may have been caused by variation in the fabricated structure of the phase shifter. 
Conclusion
In this paper, we have demonstrated a compact and low-loss LC loaded Si MZ optical switch based on Si wire waveguides. The device is configured with a simple structured MZI in which one side of electrodes for the phase shifter are located on the island-like area. To draw metal wires into the electrode on the MZ island area without optical loss in the waveguides, a SiO 2 over-cladding was introduced between the Si wire waveguides and electric wires except in the phase shifter area, which was filled with LC.
The interfacial loss between the 430-nm-wide Si waveguide and the SiO 2 and LC over-claddings was measured to be small, with 0.02 dB/interface. This result indicates that the contrast between the refractive indices of the LC and SiO 2 was trivial and the LC material had excellent wettability for the SiO 2 cladding and Si waveguide core. The fabricated optical switch with 100-µm-long phase shifter exhibited negligible loss and smooth spectra with a voltage-length product of about 0.4 V·mm. An operating wavelength of 1585 nm and crosstalk for cross states of −17 dB were experimentally obtained. Owing to the simple waveguide configuration, the device was fabricated with a small footprint, within 300 × 80 µm 2 . Furthermore, the temperature dependence of the device characteristics was also measured using TEC control. The device containing LC material with T NI ≈ 75 °C worked until at least 60 °C.
